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We simulate the merger of binary neutron stars and analyze the spectral properties of their
gravitational waveforms. For the stars we construct hybrid equations of state (EoSs) with a standard
nuclear matter EoS at low densities, transitioning to a state-of-the-art holographic EoS in the
otherwise intractable high density regime. Depending on the transition density the characteristic
frequencies in the spectrum produced from the hybrid EoSs are shifted to significantly lower values as
compared to the pure nuclear matter EoS. The highest rest-mass density reached outside a possible
black hole horizon is approximately 1.1 · 1015 g/cm3, which for the holographic model is below the
density of the deconfined quark matter phase.
1. Introduction. Gravitational waves (GWs) provide
us a direct view on the most violent events in our uni-
verse [1, 2], among which there will be tens of neutron
star mergers in the near future. While General Relativity
(GR) is by now a well understood theory, the merger of
two neutron stars is clouded with considerably more un-
certainty (see [3] for an excellent review). One profound
reason is that the fundamental theory of quarks and glu-
ons (QCD) is strongly coupled, and that the dense state
of neutron stars is inaccessible to the lattice. In this Let-
ter we hence use a strongly coupled (holographic) model
and study its implications on the power spectral density
(PSD) of GWs after a neutron star merger.
Our current knowledge about the equation of state
(EoS) in neutron stars comes from the low-density re-
gion (with energy density <∼ 0.2 GeV/fm3) where it is
constrained by nuclear physics [4] and at very high den-
sities (>∼ 10 GeV/fm3), where QCD is perturbative [5].
At intermediate densities not much is certain, but the
EoS can be constrained by limiting the speed of sound
as well as observations of mass-radius relationships and
recently by the bound on the tidal deformability coming
from the GW170817 merger measured by LIGO/Virgo
[2]. Applying these constraints it is likely that a phase
transition is present [6], which may indicate the presence
of quark matter at high densities (see also [7–10]).
Since QCD at intermediate densities is strongly cou-
pled it is possible to obtain qualitative insights by em-
ploying holography. We use a holographic model to de-
rive EoSs which are then used as input in simulations
of equal-mass neutron star mergers performed with the
Einstein Toolkit [11]. Especially interesting are merg-
ers of intermediately massive stars (M ≈ 1.3 − 1.4M)
because they can lead to the formation of a meta-stable
hypermassive neutron star (HMNS), whose GW signal
encodes characteristic information on the EoS [12–15].
Finally we show how the PSD depends on both the
parameters of our equation of state and the neutron star
mass, and comment on how this compares with other
EoSs. Future measurements by advanced LIGO and the
Einstein Telescope will be able to experimentally distin-
guish these different EoSs (see also [12, 13] for earlier
work with traditional nuclear matter EoSs).
2. Holographic Model. The holographic model (V-
QCD), which we use to describe strongly interacting
dense nuclear and deconfined quark matter [16], is ob-
tained through a fusion of two building blocks: improved
holographic QCD [17], a bottom-up model for the gluon
sector inspired by five-dimensional non-critical string the-
ory, and a framework based on tachyonic D-brane actions
for the flavor sector [18, 19]. Details of the model are
chosen to reproduce a number of features of QCD. This
includes linear confinement, asymptotic freedom, chi-
ral symmetry breaking, qualitatively reasonable hadron
spectrum and a finite temperature phase diagram with
structure as expected from QCD [16–23]. The thermo-
dynamics is tuned to match lattice data at temperatures
right above the confinement/chiral transition [24, 25].
This model has a nuclear phase [26] and deconfined
quark matter phase [25, 27, 28] at low and high densities
respectively. For the nuclear phase, essential for neutron
stars, a simple method is used [26, 29, 30], which approx-
imates nuclear matter as a homogeneous field. The EoS
for dense nuclear matter is stiff in this approach (i.e., the
speed of sound is relatively high), and depends among
other things on the coupling b between the baryons and
the chiral condensate (see [26] for a complete exposition).
3. Hybrid equations of state. The weakly coupled,
low density regime of cold nuclear matter is better de-
scribed by using traditional effective methods. Therefore
we construct “hybrid” equations of state composed of: i)
SLy EoS [31, 32] for low density nuclear matter; ii) V-
QCD EoS for dense nuclear and quark matter described
in Section 2. We choose the matching density ρm between
SLy and V-QCD to lie at 1.5 —2 times the nuclear satu-
ration density ρs=2.04 ·1014 g/cm3 and then fix b as well
as the normalization of the baryon action cb by requiring
that the pressure and its derivative with respect to the
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2Table I. Properties of irrotational neutron stars with hybrid
SLy+VQCD and the SLy EoSs. Here ρNM (ρQM) is the nu-
clear (quark) matter density at the transition.
ρm
ρs
b ρNM
ρs
ρQM
ρs
Mmax
M R(1.4M)[km] Λ(1.4M)
1.44 10.45 4.29 7.93 2.25 13.0 680
1.61 10.50 4.83 8.57 2.17 12.6 550
1.77 10.55 5.37 9.24 2.10 12.3 470
1.94 10.60 5.86 9.79 2.04 12.1 410
2.10 10.65 6.23 10.21 2.00 12.0 370
SLy – – – 2.05 11.7 300
chemical potential are continuous at the matching point.
Basic properties of the obtained hybrid EoSs and tran-
sitions for several choices of ρm are listed in Table I. The
speed of sound cs of the holographic EoS depends only
weakly on b and is higher than the one of SLy. Note also
that ρm depends monotonically on b, leading to a more
holographic EoS as b decreases. One can then see in Fig. 1
that the higher holographic cs leads to a higher pres-
sure, and hence increasingly stiff EoSs as b is decreased.
Fig. 2 then shows the corresponding mass-radius relation
obtained from solving the Tolman-Oppenheimer-Volkoff
equations.
Our hybrid EoSs do not support quark matter cores,
since the branch with central density larger than ρQM
(thin lines in Fig. 2 left of the kinks at the maximum
masses) are unstable [33]. Ref. [6] argued that NSs with-
out quark matter cores and masses consistent with the
current observational bounds are only possible for speeds
of sound well above the conformal value, c2s > 1/3. Our
setup provides an explicit realization of such a scenario,
as c2s is significantly larger than 1/3 over a wide range
of chemical potentials in the holographic baryon phase
[26]. Moreover our NS radii are approximately 12–13 km,
which is consistent with recent measurements of X-ray
bursts from binary systems [34, 35].
Our choices in Table I scan over the physically allowed
EoSs. Indeed, the first tabulated hybrid EoS (b = 10.45)
is already too stiff: the value of the tidal deformabil-
ity Λ ' 680 for a neutron star with mass ' 1.4M
is already well above the bound set by LIGO [37] that
Λ <∼ 580 (at 90% confidence level). Similarly the maxi-
mum mass Mmax for the last hybrid EoS (b = 10.65) is
below the best estimate of the observed mass of the pul-
sar J0348+0432, M = 2.01±0.04 M [36]. We choose to
use the EoSs with b = 10.5 and b = 10.6, which are con-
sistent with the astrophysical bounds by a clear margin.
We account for shock-heating effects [38] during the
merger by adding to the cold holographic EoS pc(ρ) a
thermal component pth = Γthρ( − c) with Γth = 1.75,
with ρ ≡ mbnb the rest mass density, mb the baryon mass
and nb the number density. This gives total pressure
p = pc + pth and specific internal energy  = c + th.
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Figure 1. The constructed family of the hybrid EoSs. Blue
and orange regions show the error bands for QCD from ef-
fective Lagrangians and perturbative QCD, respectively. The
b-dependence on the ρ-axis (which is a non-trivial function of
the energy density) is not visible in the plot.
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Figure 2. Mass-Radius relation for different values of b to-
gether with the observational lower mass bound of [36].
4. Numerical Setup. We use the LORENE pseudo-
spectral code [39] to generate initial data for two irro-
tational stars of equal mass M on quasi-circular orbits
with a diameter of 45 km, where M is the gravitational
mass of the isolated star. These initial data give approx-
imately three (M = 1.5M) to six (M = 1.3M) orbits
before merger. The initial data are evolved by solving the
3 + 1D Einstein equations coupled to ideal general rela-
tivistic hydrodynamics (GRHD) [40] using the Einstein
Toolkit [41–43].
We solve the Einstein equations in CCZ4 formula-
tion [44] using the fourth-order finite differencing code
McLachlan [45, 46] with a “1+log” slicing condition
and a “Gamma-driver” shift condition [47, 48]. The
GRHD equations are solved in conservative form [49] us-
ing the high-order, high-resolution shock-capturing code
WhiskyTHC [50–54]. We use the method of lines together
with an explicit third-order Runge-Kutta method [55]
and prescribe a Courant-Friedrichs-Lewy factor of 0.15
to compute the step size for the time integration. All
simulations have a volume of size ≈ 30253km3 and as-
3Figure 3. Top: Snapshots of the rest mass density in the orbital plane for the late inspiral phase (left), the early post-merger
phase (center) and the late post-merger phase (right) for theM = 1.3M equal mass binary and holographic EoS with b = 10.5.
Bottom: GW strain signal extrapolated to an assumed detector distance of 40Mpc.
sume radiative and static boundary conditions for the
metric and the hydrodynamic variables respectively, as
well as reflection symmetry across the z = 0 plane.
Our mesh consists of a central grid (with three refine-
ment levels and resolutions ∆h0 ≈ 23.5 km till ∆h3 ≈
2.9 km) and two smaller grids (six refinement levels with
finest resolution ∆h6 ≈ 368m) following the individual
stars during inspiral and merger.
5. Waveform Extraction. To compute the GW signal
we use the Newman-Penrose formalism [56] in which the
GW polarization amplitudes h+,× are related to the Weyl
curvature scalar ψ4 via
h¨+ − ih¨× = ψ4 =
∞∑
`=2
∑`
m=−`
ψ`m4 −2Y`m(θ, ϕ) , (1)
where dot means time derivative and sY`m(θ, ϕ) are spin-
weighted spherical harmonics of weight s = −2. In the
simulation we extract ψ4 at a spherical surface with
radius R ≈ 884 km at a sampling rate of ≈ 169 kHz.
In the following we will only consider the dominant
` = m = 2 modes h22+,× and assume optimal orientation
(−2Y22(0, 0) = 12
√
5/pi) of the merger with respect to the
detector. We then extrapolate the signal to 40Mpc, i.e.
the estimated luminosity distance of GW170817 [2]. To
analyze the spectral features of the waveform we follow
[12] and compute the PSD defined as
h˜(f)≡
√
|∫ h+(t)e−i2piftdt|2+|∫ h×(t)e−i2piftdt|2
2
, (2)
where we take the time interval between −7 and 24ms
and define t = 0 by the maximum of the GW amplitude.
6. Results. In Fig. 3 we show snapshots of the rest
mass density ρ in the orbital plane and the correspond-
ing waveform for a binary merger with individual mass
M = 1.3M for our hybrid EoS with b= 10.5 [57]. The
first plot (t = −1.6ms) shows a late stage of the inspi-
ral, where the mutual tidal deformations of the stars be-
come significant and full numerical GR simulations be-
come important. The second plot (t= 4.3ms) shows an
early post-merger stage, where the rotating and oscillat-
ing HMNS is bar-deformed and still non-axially symmet-
ric. This phase lasts for about 10ms and the correspond-
ing GW signal contains spectral features that are sensi-
tive to the EoS, which we shall analyze below. The third
plot (t= 30ms) shows the late post-merger stage, where
the merger remnant has settled down to an almost axi-
ally symmetric rotating HMNS with a lifetime > 40ms.
TheM=1.4M case (Fig. 4) results in a relatively short-
lived, highly deformed HMNS, which collapses ≈ 7.8ms
after the merger into a black hole with a torus of remain-
ing in-falling matter. Fig. 5 shows the distribution of
densities d(ρ, t) present in the star for several times, de-
fined as
∫
d(ρ, t)dρ = 1, where d(ρ, t)dρ is the fraction of
the star that has a density between ρ and ρ+ dρ. After
the merger the HMNS reaches almost twice the maxi-
mum rest-mass density of the original stars. This den-
sity is still not enough to reach the quark matter phase
(see Fig. 1), so unfortunately neutron star mergers do
not explore the phase transition of our hybrid EoSs. The
heavier cases (M ≥ 1.5M) lead to immediate collapse
after the merger and give no HMNS phase.
In Fig. 6 we show the PSDs (Eqn. (2)) of our nu-
merical waveforms together with the sensitivity curves
of Advanced LIGO (adLIGO) [58] and of the Einstein
Telescope (ET) [59]. These spectra show several pro-
4Figure 4. As in Fig. 3, but shown here for M = 1.4M. Snapshots are at the inspiral (left), merger (center) and after black
hole collapse (right). For visibility we omit the densities in one quadrant.
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Figure 5. Distribution of the ρ field of Fig. 4 at different
times. After the merger the HMNS reaches a density of about
twice the maximum density of the initial star. Shortly after
the black hole forms (t≈ 7.8ms) most matter is in the black
hole with some low density matter in the surrounding atmo-
sphere.
nounced features, where the lowest frequency peak can
be attributed to the inspiral phase and the three higher
frequency peaks (f1,f2,f3) to the post-merger phase (for
details see [3]). In the left plot we keep M = 1.3M
fixed and show our results from two different holographic
EoSs with b=10.5 (red) and b=10.6 (blue) together with
the result for standard SLy (green) without input from
holography. Increasing b shifts the post-merger peaks to-
wards the higher SLy frequencies, since higher b has a
higher matching density (see Table I). This behavior is
in agreement with the universality of f1 as function of the
compactness (M/R) found in [12], which predicts a shift
to higher frequencies for softer EoSs (increasing b in our
case) giving more compact stars (see Fig. 2). The picture
is less clear for the highest frequency peak f3, which in
some cases is ambiguous. In contrast to the SLy EoS,
we find that the f3 peak predicted from our holographic
EoS will probably not be visible to third generation de-
tectors for M = 1.3M binaries. In Fig. 6 (right) we
study the PSD for fixed holographic EoS (b= 10.5) and
three different binary masses. TheM=1.5M case leads
to immediate collapse without HMNS phase and thus to
a featureless PSD. For increasing mass, which in the con-
sidered mass range results in an increase of compactness,
the characteristic frequencies are shifted to higher values.
Furthermore the M = 1.4M case gives, in contrast to
M = 1.3M, a distinguished f3 peak that lies clearly
above the sensitivity curve of the ET.
Finally in Table II we list the values for f1, f2 and f3
we extracted from our simulations using a Gaussian fit
of the eight frequency points around the local maxima
of the peaks. The values of f1 we find for the pure SLy
and our hybrid EoS with b = 10.5 are in good agreement
with the universal curve proposed in [12].
Table II. Summary of simulation results. Ambiguous frequen-
cies are written in brackets.
M [M] EoS b f1[kHz] f2[kHz] f3[kHz]
1.30 SLyVQCD105 10.5 1.93 2.53 3.77
1.30 SLyVQCD106 10.6 2.15 2.80 3.70 (4.06)
1.30 SLy - 2.21 3.19 4.24
1.35 SLyVQCD105 10.5 1.95 2.60 3.53 (3.90)
1.40 SLyVQCD105 10.5 2.03 2.89 3.82
1.50 SLyVQCD105 10.5 – – –
7. Discussion. The characteristic frequencies
(f1, f2, f3) of our holographic EoS from the HMNS phase
of the neutron star mergers establish a novel approach
to confront predictions from holography to future obser-
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Figure 6. We show the power spectrum density (PSD) for two holographic EOSs with a comparison to the SLy EOS for mergers
with M = 1.3M (left) and a comparison of different masses for our holographic EOS with b= 10.5 (right). The Gaussian
fits (dotted) determine the characteristic frequencies f1, f2 and f3 in the post-merger phase, except when M = 1.5M, which
collapses to a black hole immediately. Black and gray dashed lines are sensitivity curves of the advanced LIGO (adLIGO)
detector [58] and the Einstein Telescope (ET) [59].
vational data. Our results from the holographic model
predict a shift of f1 and f2 to significantly lower frequen-
cies compared to the non-holographic SLy model, which
can be attributed to the higher stiffness of our hybrid
EoS. Furthermore the holographic EoS predicts that f3
is best visible for masses around 1.4M, as its ampli-
tude is too low for lower masses, and higher masses lead
to quick black hole formation. In our simulations it is not
possible to reach the phase transition to the quark phase,
as the highest attained density for binaries that do not
immediately collapse is about 1.1 · 1015g/cm3 (Fig. 5).
The present work can be seen as a first step towards
holographic GW model building and is extendable in
many different ways. Important next steps are to im-
prove the holographic model by going beyond the homo-
geneous approach for the V-QCD baryon field and also
to systematically study other nuclear matter models than
SLy used for the low density part in this work. Due to
limited computing resources we use rather coarse meshes
in our simulations, which is something we plan to im-
prove on in future works. More challenging extensions
are to include finite temperature effects in the EoS and
magnetic fields in the merger simulations. It would also
be exciting to study neutrinos and electromagnetic radi-
ation in this current age of multi-messenger astronomy.
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